Monogamy is typically considered to have evolved either because biparental care is important for o¡spring survival, or because males are unable to monopolize more than one female due to females being too dispersed. Here, in the ¢rst phylogenetic analysis of the evolution of monogamy in mammals, we show that neither of these explanations is consistent with the distribution of monogamy across mammal species. Monogamy evolved signi¢cantly more often in the absence of paternal care than in its presence. Furthermore, monogamy does not normally occur in species where female ranges are large. Rather, the most common feature of mammalian monogamy is that it evolved where females were solitary and occupied small, exclusive ranges, enabling males to monopolize them.
I N T RO DUC T ION
Mammalian monogamy is puzzling because it is unclear what limits males to mating with a single female (Clutton-Brock 1989) . Monogamy exists in nearly 5% of mammal species (Kleiman 1977) and numerous hypotheses have been proposed to explain its evolution (Gubernick 1994) . The hypotheses largely relate to two types of monogamy, obligate and facultative (Kleiman 1977) . Obligate monogamy is generally considered to evolve in response to a need for male care (Wittenberger & Tilson 1980; CluttonBrock 1989; Gubernick et al. 1993) . By contrast, facultative monogamy is thought to evolve when males are unable to monopolize more than one female because females are solitary and highly dispersed (Emlen & Oring 1977; Wickler & Seibt 1983) . Although useful in emphasizing the diversity that exists within monogamous mating systems, the validity of the obligate versus facultative dichotomy has recently been challenged. Comparative studies show that paternal care does not correlate well with the occurrence of`obligate' monogamy in primates (Wright 1990; Tardif 1994) . In addition, monogamy in an ungulate where paternal care is absent does not seem to be`facultative' because males do not attempt to monopolize more than one female, even when they are available (Brotherton & Rhodes 1996; Komers 1996) .
Here, we present the ¢rst quantitative analysis of the relationships between paternal care, female dispersion, and monogamy across mammals. We use comparative methods to assess the validity of current theory, which suggests that either paternal care or female over-dispersion are the most general prerequisites for the evolution of monogamy.
. M ET HOD S
We obtained our data from secondary literature, but when available we added information from primary literature to resolve phylogenetic relationships of character state evolution (table 1) . We used information from ¢eld studies for preference, because captive environments could a¡ect social behaviour such as consortship and parental care. We included captivity data if ¢eld data were not available. Since it is not possible to measure paternal care as a continuous variable that would be comparable across distant taxonomic groups, we denoted paternal care as either present or absent. Paternal care was considered to be present if males of that species are known to retrieve young, transport young, or provide food. We considered it present irrespective of the intraspeci¢c variation in the frequency of paternal behaviour exhibited (Kleiman 1977) . Kleiman & Malcolm (1981) also included playing and socializing with young as forms of paternal care, but we have excluded these because it seems unlikely that ¢tness bene¢ts from these behaviours would outweigh the bene¢ts of reproducing with additional females.We concentrated on direct male care because it appears that it should be more likely for monogamy to evolve when paternal care is required and not shareable (Kleiman 1977; Kleiman & Malcolm 1981) .
We use`monogamy' to mean a social bond implying mating exclusivity. We use this de¢nition because genetic evidence for mating exclusivity is rare in mammals. Extrapair copulations have been observed in up to six monogamous species, but no extra-pair paternities were found in the three species for which genetic evidence of monogamy exists (Brotherton et al. 1997) . We use the term`paternal care' 
to denote the care by the male which is socially bonded with the mother. We used phylogenies of mammalian orders for which the existence of monogamy has been documented (table 2). We analysed alternative phylogenies presented for Carnivora (Wayne et al.1989; Wozencraft 1989; Szalay et al.1993; Garland & Janis 1993) , for Rodentia (Avise et al. 1979; Rogers et al. 1984; Anderson 1985; Hartenberger 1985; Sarich 1985; Rogers & Engstrom 1992; Catze£is et al. 1993; Nedbal et al. 1994) , for Primates (Sille¨n-Tullberg & MÖller 1993; Purvis 1995) , for Artiodactyla (Garland & Janis 1993; S×ther & Gordon 1994; Gentry 1992) , for Macroscelidea (Corbet 1995) , and for Lagomorpha (Dene et al. 1982) . References: (1) Table 2 . Phylogenetic analysis of the relationship between the evolution of monogamy and the occurrence of paternal care
(The values represent the minimum and maximum number of origins derived in alternative phylogenies for the most parsimonious reconstructions, which either minimized or maximized (Maddison & Maddison 1992 ) the number of independent origins of monogamy or paternal care. Alternative combinations were derived by combining alternative phylogenies. Four alternative phylogenies were found for Primates and each of these was analysed separately for the situations where paternal care was assumed to be absent or present in Hylobates. This was done because of the considerable controversy on the importance of paternal care in Hylobates (Wright 1990; Dunbar 1988 *The Neotominae^Arvicolinae clade of Rodentia includes a high proportion of species which show either monogamy or paternal care, or both, and within many reportedly`monogamous' species there is a degree of variability, with some individuals mating polygynously or promiscuously (Cockburn1988). It appears therefore that in Microtus and Peromyscus the assumption of independent evolution of either monogamy or paternal care is not justi¢ed, and that an ancestral species of these lineages may have had a tendency towards monogamy and paternal behaviour.
To investigate the evolutionary relationships between monogamy and paternal care, we used MacClade 3.0 (Maddison & Maddison1992) and traced the evolution of paternal care and of monogamy (each as a binary character). Where the ancestry of a state was equivocal, we found the two most parsimonious reconstructions that either maximized or minimized the number of independent origins of monogamy and paternal care, respectively. We then used combinations of the alternative phylogenies for the maximized and minimized reconstructions, respectively. For each combination, we counted the number of times that monogamy was preceded by paternal care, evolved in the absence of paternal care, and the two characters evolved simultaneously (¢rst appeared at the same branch node, table 2).
To compare the home ranges of females in monogamous species to those of closely related polygynous species, we included only species in which females are dispersed. Hereafter, we use`polygynous' to imply any mating system in which males do not form an exclusive bond with a single female. We use`dispersed' to mean the spatial distribution of independent females. Gregarious species were excluded from this analysis because our results from the above analysis suggested that monogamy does not seem to be viable in such species. Where the most closely related species exhibited the same mating system, their female home range sizes were averaged and compared to the most closely related group of species of the opposite mating system. We used these sister group comparisons (Purvis & Rambaut 1994) where the lines on a phylogenetic tree linking species or groups of species that are compared never meet or cross. In this method the comparisons are independent and take phylogenetic relationships into account (Harvey & Pagel 1991; MÖller & Birkhead 1992) .
Home range sizes (in ha) of species in which females are dispersed were taken from the literature (table 1). In species for which several studies reported home range size, mean values across studies were calculated. Where information on seasonal changes was provided, ranges during the reproductive season were used. Average female body mass (g) was taken from general reviews, if available (table 1) . When information on seasonality of body mass was provided, the mass during the reproductive season was used.
We used two measures of female range-size body mass relationships. In the ¢rst, we divided home range size by the body mass of females. In the second, we used the di¡erence between the observed and predicted home range size. To calculate the latter, we used the relationships between home range, body weight, and trophic level (herbivore, omnivore, carnivore), as derived by Harestad & Bunnell (1979) . The ¢rst measure may be preferable if the estimated relationship between body weight and home range is inaccurate (indeed, the predicted relationship consistently overestimated the home range of carnivores larger than 10 kg). The second may be preferable if home range size and body mass do not scale linearly, which would a¡ect the result when species of di¡er-ent sizes are compared.
Range overlap was analysed as either present or absent. Non-overlapping home ranges were de¢ned as overlapping by less than 5%. For the sister group comparisons, two taxa of the opposite mating system were compared in the exclusivity of their ranges. If they were both either exclusive or overlapping, the comparison was made at the next lower branch node and a decision was made on which mating system was more often associated with range overlap.
R E SU LT S A N D DI S C U S S ION
In athree-factor analysis (Procedure Catmod, SAS Institute (1990)) we found that there was no three-way interaction between mating system, grouping pattern, and paternal care (d.f. = 1, w 2 = 2.49, p = 0.12).There were also no signi¢cant two-way interactions between paternal care and grouping (d.f. = 1, w 2 = 1.13, p = 0.28), and between paternal care and mating system (d.f. = 1, w 2 = 1.79, p = 0.18), and no single e¡ect of paternal care (d.f. = 1, w 2 = 0.68, p = 0.41).There was, however, a significant interaction between mating system and grouping pattern (d.f. = 1, w 2 = 12.4, p50.001). This was because monogamy essentially does not exist whenever females aggregate (with other than their own o¡spring), and because there is no signi¢cant tendency for paternal care to occur more in some mating systems.
Inthe following, we comparedthe number of times that monogamy evolved after the evolution of paternal care to the number of times that monogamy evolved in its absence. We excluded cases where paternal care and monogamy evolved`simultaneously', because they do not provide support for a conclusion of the precedence of either character. A possible argument that in such clades monogamy evolved`immediately'after the occurrence of paternal care is not supported by the observation that whole clades exist, such as the primate clade of Papio and Macaca (¢gure1), where paternal care prevails and is presumably the ancestral statewithout leading tomonogamy. In such clades monogamy only evolved in species in which females are dispersed, for example, in the monogamous population of Presbytis melalopus (¢gure1).
In total, we found 64 di¡erent combinations of the alternative phylogenies, in 61 of which monogamy evolved signi¢cantly more often (binomial two-tailed tests, p50.05) in the absence of paternal care than in its presence. The three non-signi¢cant solutions (binomial two-tailed tests, 0.144p40.05) were all from minimizations of independent origins, in which Hylobates was assumed to exhibit paternal care (table 2). In these three solutions, monogamy in the absence of paternal care was still more common. Given current knowledge of the character states and phylogenetic relationships, we conclude that in mammals monogamy in the absence of paternal care evolved signi¢cantly more often than in the presence of it. This conclusion is sustained in any combination of current hypotheses on phylogeny.
Monogamy and paternal care may still be associated, however, if monogamy evolved more often than would be expected by chance in lineages where paternal care is present. This includes cases where both characters appeared simultaneously. Using fully resolved phylogenies, we applied the Maddisons' concentrated changes test (Maddison & Maddison 1992) in mammalian orders where both characters evolved. The occurrence of monogamy in lineages with paternal care was not signi¢cantly di¡erent from random in either Rodentia (p = 0.24 to p = 0.87), Primates (p = 0.15 to p = 0.90), or Carnivora (p = 0.075), whether the number of independent origins was maximized or minimized. This suggests that the associated evolution of the two characters occurred by chance.
While our results do not support the hypothesis that the need for paternal care promoted monogamy, we may reverse the argument andtest if monogamy promoted paternal care. In all combinations of phylogenies we found that the evolution of monogamy was followed by that of paternal care a minimum of one and a maximum of three times. Comparing this to the number of times that monogamy was preceded by paternal care (minimum two, maximum eight, table 2), we found no combination in which either evolutionary sequence was predominant (binomial tests, two-tailed, p40.12). In fact, in six combinations both sequences were equally frequent.
These results support the ¢nding that paternal care is a poor correlate of monogamy in primates (Wright 1990; Tardif 1994) , and the statement can be extended to mammals as a whole. For a general theory on the evolution of monogamy in mammals, we must therefore focus on factors other than paternal care that may have promoted monogamy. We do not exclude the possibility that in some species males may be locked into Monogamy in mammals P. E. Komers and P. N. M. Brotherton 1267 Proc. R. Soc. Lond. B (1997) Reconstructions of the mating system and paternal care system in Primates on the phylogeny suggested by Purvis (1995) . Sister taxa with the same character states were grouped for clarity. Polygynous mating systems include any system where males monopolize more than one female in one breeding season. There are two entries for Presbytis melalopus because it has been reported to have di¡erent mating systems in di¡erent populations.
monogamy due to the need for paternal care. These species, however, must be interpreted as special cases rather than as representatives for a general rule (Dunbar 1988; Gubernick et al. 1993) . So far, we can reach the generality that monogamy in mammals is only viable where reproducing females are dispersed. This implies that monogamy occurs when males are unable to monopolize more than one female, perhaps because females are over-dispersed (Kleiman 1977; Emlen & Oring 1977) . If the over-dispersion argument holds, monogamy should be more likely with increasing female dispersion. Although it has been shown for some primate species that monogamous ones do not have larger ranges than non-monogamous species (Dunbar 1988; Van Schaik & Dunbar 1990) , the generality of this argument has not been tested.
Contrary to prediction, female home range was smaller in monogamous species in signi¢cantly more comparisons than vice versa, irrespective of the type of measurement of home range size (table 3) . This conclusion remained unchanged when species with and without paternal care were analysed separately (table  3) . If monogamy evolved where males are capable of defending one single female, monogamy should be more likely to evolve where female ranges do not overlap, because exclusive female ranges should be easier to monopolize than overlapping ones. In agreement with this, monogamous females occupied exclusive ranges more than females of polygynous species in 18 out of 19 sister group comparisons (binomial two-tailed test, p50.001). Considering only species with exclusive ranges, polygynous species used larger ranges than monogamous species (table 3) . Monogamy was associated with exclusive ranges in both the presence and the absence of paternal care; monogamy was 2.6 times and 16.3 times more frequent (Fisher's exact, p = 0.025 and p50.001) in the presence and the absence of paternal care, respectively, when ranges were exclusive than when they overlapped.
In the above analysis we used home range size as a measure of dispersion. The two terms are clearly not synonymous because widely dispersed females can have either small or large ranges. However, our analysis of exclusive ranges (table 3) addresses this problem. Females with small exclusive ranges can be either widely dispersed or not. However, females with large and exclusive ranges can be only widely dispersed. On average then, the latter females should be more dispersed than the former, and if monogamy was associated with dispersion rather than range size, then these females should be more often monogamous. Our results point to the opposite.
Our results suggest that monogamy in mammals is promoted by females being solitary and occupying small and exclusive ranges. There is no evidence that monogamy evolved in response to the need for paternal care. Rather, it may be more likely that an association between fathers and o¡spring promoted the evolution of paternal care in species where both characters exist (Dunbar 1995) . However, this may be true for both monogamous and polygynous systems where groups are stable and males are likely to associate with their own o¡spring. An alternative, and poorly tested hypothesis is that the care provided by the male is a form of his mating e¡ort to attract females, which may prefer to mate with males that bene¢t the females' o¡spring (Smuts & Gubernick 1992 ). This hypothesis is based on the observation that male care does not correlate well with paternity certainty in primates (Wright 1990; Smuts & Gubernick 1992) . This means that the term paternal' care should be more appropriately replaced by`male' care in some cases.
The degree of sociality and ranging patterns of females a¡ect the ability of males to monopolize them (Emlen & Oring1977) .While our results are contradictory to arguments which relate monogamy simply to over-dispersion of females (Emlen & Oring 1977; Cockburn 1988) , they agree with the prediction that female ranges must be small enough for males to be able to defend them (Clutton-Brock 1989) . However, given that monogamous species occupy smaller ranges than polygynous ones, it appears that monogamous systems should be prone to invasion by competitive roving males, particularly because females are less widely distributed.This is because the reward rate of ¢nding receptive females should be higher where females are less dispersed. However, opting for 1268 P. E. Komers and P. N. M. Brotherton Monogamy in mammals Proc. R. Soc. Lond. B (1997) monogamy under these conditions appears to be a strategy consistent with models which predict that animals are prone to exploit resources with the smallest possible variance, even at the expense of decreased mean reward (McNamara & Houston 1992) . Provided that a single female can be monopolized successfully, monogamy can be viewed as a risk aversion strategy (McNamara & Houston 1992) , because staying with one single female reduces the variance in mating success. E¡ective mate guarding would also increase the di¤culty in ¢nding receptive females. In addition, predation could represent a high cost of searching (Wrangham 1987; Goldizen 1987) . The costs and bene¢ts of monopolizing solitary females appear to be the primary issues in the evolution of monogamy in mammals. Bene¢ts that females may receive from the male's proximity may represent additional spin-o¡s from this mating system. This argument could o¡er an explanation to the puzzling ¢ndings that monogamous males of some species appear to be capable of, but refrain from defending ranges large enough for two females (Dunbar 1988; Brotherton1994; Komers 1996) .
